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OPTIMAL MEASUREMENT UNCERTAINTIES FOR MATERIALS ACCOUNTING
IN A FAST BREEDER REACTOR SPENT-FUEL REPROCESSING PLANT

,

Hassan A. Dayew, Edvard A. Kern, snd Jack T. Murkin
Safeguards Systems Group
Los Alanos National Laboratory

ABSTRACT

Optimization techniques sre used to calcu-

late measurement wuncertainties for materials
accountability instruments in a fast breeder
reactor spent-~fual raeprocessing plant. Optimal

meapurenent uncertainties are calculated so thar
performance goals for detecting materials loss
are achieved while minimizing the total instru-
ment development cost. The optimization method-
ologv is useful in answering the following ques-
tions.

(1) Given limited development resources,
vhat oeasuresent technology improvements
provide the maximum increase in account-
ing systam perfcrmance?

(2) Which measursaent uncertainties dowinate
the materfals bslance variance?

(3) Wha: values of measurement uncertainties
are requited to meet a given performance
goal?

Improved macterials accounting 4in the cherical
separations process (lil kg Pu/day) to meat B-kg
plutonium abrupt (1 day) and 40O-kg plutoniuxa
protracted (6 months) loess-detection goals re-
quires:

[ process tapk volume and concantration
measureaents having precisions <l%;

o accountability and pluioniun vample tank

voluse measureasents having precisions
%0.3%, short-term correlated errors
X0.042, and long-tero correlated

errors £0.041: and

[ sccountablility and plutonius sample tank
concentration weasurements having pre-
cisfons <0.4X, short-ters correlated
errors <0.1X, and long-term corre-
lated errors £0.05%.

I. INTRODUCTION

Materisls accounting systems for various
facilities in the nuclear fuel cyclcl' tradi-
tfonally «calculete the waterials accounting
@yateds performsnce by proposing a ameasurement
system based on current technology or reassonable
extrapolations of current technology. The mean-
uroment uncertainties for each proposed instru-
sent vere combined and propagated to obtain an

overall materials loss-detection sensitivicy.
In this paper the apprc h §s Treversed. We
select specific sccounting performance goals 4nd
usa optimization techniques to calculiate Beas-

uresent uncertainties required to wmeet these
goals wvhile minimizing the {nstrument's total
development cost of the systenm.

The Hot Experimental Facility®:7 (HEF)

was chosen as the reference facility for the
optimization calculations. It was designed unde:
the Consolidated Fuel Reprocessing Prograz cen-
tered at Oak Ridge nNational laboratory. The HLF
incorporates a modified Purex process that allows
coprocessing uraniva and plutonium. The flow
sheet 1s based on reproceasing 0.5 tonne/day of
breeder reactor fuel. The major process areas
are (1) spent fuel receiving and stordge, (2 me-
chanical processing and feed preparation, (3) co-
decontamination/parcitioning, (=) ureniuz puri-
ficetion, and (%) uranium-plutonium copuririca-
tion. The HEF design includes a coconversion
process that we do not address here.

11. HMATERIALS ACCOUNTING PERFORMANCL GOALS

Tabla 1 1lists fc r levels of wmaterials
accounting performante goals. The first two
levels correspond to & likely range of measure-
ment capabilities, the third and fourtl levels
to desired international and domestic goals. The
first perforaance goal is bas.d on stale-of-the-
art instrusentation. The second goa. represents
reasonable extrapolations of current technology.
The third gnal is based on lnternational Aromic
Energy Agency (IAEA) criteria and the fourth on
Buclear Regulatory Commission (NRC) goals that
are nov being considere*’.

Esch performance goal includes detection of
an abdbrupt (short-term) and a protracted (long-
term) diversion with given detection and false-
alara probabilities. These quantities are used
to calculate the marimum value of the wmaterials
belance astandard deviation that will wmeet Lhe
perforaance goal.

Note that the plant throughput s 11 kg
of plutonium per day and that the chemical sepa-
stion and feed preparation portions of the
procass can have an {inventory of 7750 », 0!
plurtonium.



TABLE 1

PERFORMANCE GOALS

Materials Balance

Amount @ Standur? Deviation
Detection Detection Detection False-Alarm Upper Limit
Goal (kg Pu) Time Probability Probabllity (kg Pu)
1. Current technology
Abrupt 16 1 day 0.5 0.025 B
Protracted 150 6 months 0.5 0.025 75
2. Improved technology
Abrupt 8 1 day 0.5 0.025 4
Protracted 40 6 months 0.5 0.025 20
3. 1AEA
Abrupt 8 7-10 days 0.95 0.05 2.4
Protrazted 8 1 year 0.95 0.05 2.4
4. NRC
Abrupt 2 i day 0.% 0.025 1
Protracted 2 6 months 0.% 0.025 1

I11. MATERIALS MEASUREMENT AND ACCOUNTING SYSTEM

The facility materials measurement and
accounting system (MYAS) combines conventional
materials accounting and near-real-time asccount-
ing (NRTA) and serves saveral functions including
process monitoring, domestic safeguards, and
international safeguards. It employs sampling
and chemical analysis, weight anc volume meas-~
urements, and nondestructive assay (WDA) instru-
mentation, supported by dati base management and
data analysis techniques. For ccnventional
accountirg the facility is divided 'nto four
MBAs:

(1) MBA | - fuel receiv.ng, storagy, chop,

and leach;

(2) MBA 2 - chamical separations;

(3) MBA ) - uranium-plutorium oxide stor-

age, and

(4) MBA 4 = uran.um-oxide storage.

In the procesy areas, coaventional matariale
accounting is augmented by two NRTA strategies.
In the first strategy, feed preparation piocesnes
were trested as onc UPAA (UPAA 1) and chemical
separationr processes were trested as asnother
(UPAA 2 1). 1In the second, the chemical swpara-
tions UPAA wes furthtar eubdivided into UPAA
(codecontamination/partivioning processes) eond
UPAA ) (urantum-plutonium copurification proc-
essesn).

Messurement points were identified in Ref,
8, as wvere applicrhle measurement ltypes and
errors reprerentative of current technology. Tne
rc(o‘oncn measurements are used for process con-
trol'V and wmsterisis sccounting. This mess-
urement syatem is @ rvoasonable etarting point
for the optimination calcuiations. Maving such
a refarence system puts ‘nto perspective the sine
of {mprovements to ba .uade tO weet proposed per-
formance goals.

Table Il iists messurement poincs, Jeasure-
ment typas, and measuremeant errors used Dy tne
materials accouniing Bsystem. Each measurenwnt
i specified by: .

(a) a precision (€) with variance Og,

(b) & short-term correlated error component

(n) vith varisnce Of,
(c) a dong-term correlated error :ormpcnent
(6) with variance 0§,

(d) a cslioration frequensy.

The short-term correlated arror represents tnose
errors that are correlated only over ea.: cali=
brstion period. Leng-term corralated arrors
persist over all sccounting periods and in:lude
errors in the primary and secondarvy st ndards,
any innerent bias in sampling, and meas.renent
mathods and sample-standard mismat:h. a~li erraor,
cve sssumed to be normally distriputed witn hean
tero. A mined Messuremant error moael ¢ used,
m e p(l s en) e € wnere L equals tne aciual
value and m equals tne measured value.

TV. MMAS PERF(AMANTE

MMAS maturials loss-detection lavels using
the Yase cast mcasurement sveter (Tadle l]1) were
caliulated using tne modeling, simulation., ang
anslysis ﬁpproach.l‘ Table 111 presents
lose-detection levels for each of tne UPAAs.
Results ary given for 1| dav (abrupt) and o montns
(protractes) for two pairs of detectron and
falpe~alarm probabilities that coincide witn
Table I performance goals. fwo cases of rarasli-
bratinon {requency sre given for each (PAA:

(1) no recalibration within the @accounting

period and

(2) recalibration of the feed ans prodult

concentration meaeuring instruments onle
every week.
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TARLE 11

NATERIALS ACCOUNTING LOSS-DETECTION LEVELS
US1NG CURRENT MEASUREMENT TECHWNOLOGY

K Pu
- - - -
EAP = 0,028° FAP = 0.03
ay ontha Y Bay & Honths
UPAA ) -~ Fead Presparatior
Bo recalibration 23.2 1372 3e.3 2099
Weakly recalibracion 2).2 746 8.1 1230

UPAA 2 - Codecontamination/
Partitioning

¥Wo recalibration 11.8 378 19.3% 954

Weshly recalibration 11.8 218 19.% 360
UPAA 3 -~ Copurification

Mo recalibration 1.1 360 18.2 917

Weekly recalibration 11.1 220 18.2 176
UPM 2 3 - Chemical separations

Bo recalibration 1%.2 186 5.1 3

Weekly recalibration 1%.2 144 3.1 238

SBP Ts detection probability &nd FAP s false-alarr proSatilicy.

Goal 1, abrupt and protracted loss-detection
goals, can be met in the chemical separations
area (UPAA 2 3). The protracted goal can be met
only by weekly recalibration of feed and product
concentration wmeasuring instrumants. Abrup.
loss-detection 3oals can be met in the codecon-
tanination/partitioning ares (UPAA 2) and the
copurification area (UPAA 3). The loss-detection
sensitivity for UPAA 1 wil! not mwe. goal 1 per-

formance. Goals ?, 3, and & cannot be met by
current measurement Ctechnology in any of the
UPAAs .

The physicsl i ventory taking (FIT) loss-

detection sensitivity is equivalent to thut of
rhe 6-months accounting period. Therefore, PIT
will satisfy performance goal 1 only in the
chenmical nepararions area and only if the feed
and product concentrstion measuring instrumc ts
are recalibrated once every week.

The problem now is to calculate measurement
uncertaintieas that will meet each of the perform-
ance goals while minimizing the total system
developmant rost,

V. OTTIMAL ALLOCATION OF MEASUREMENT UNCERTAIN-
TIES

The problem of calcularing minimum develop-
wment cosl uncertainties to meel a given aystems
parformance goal can be formulated &5 an optimi-
zation problem. To do so, we must write & sel of
constraint equations for measurement error com-
ponents (G;) and an objective function that
relatas tham to invtrument developmant ort. The
materials balance standard deviation (Oyp)
oyt be less than or equal to a specified abrupt
systems perfurmsice goal (0,) and a speci-
fied protracted eystems performance goal (0.'.

In addition to the constraints {mpcaed by
materia.s balance uncertsinties, upper and lowver
limits on allowable standard deviaticn f(or each
meAsuremant errcr component O; are desirable
to assure a reasunable uncertainty calcularion.
Clearly rhe wupper limit (0,i) ashould corre-
spond to the current instrument parformance and
the lower limit (0),;) should be t:=sed on tne
judgmant of {nstrumant designers about reasonably



attainable instrument uncertainties. Tharefore,
the constraints for our problem are given by

(u 1/2
n
2
2 B.i% "0 29
\i

i=1
R 1/2
L
2
LCH O £0, 1)
i=l

0. <40, <0
1i i-— "yl

(is1, ..., N) .

L
The coafficients By and 4 are calculated
from (he amount of matarial ing wessured apd
the length of the accuunting period.

To complete formulating uncertainty alloca-
tion as an optimization problem, the cost of
uncertainty reducrion must be fncorporated in an
objective function. For this study wa chose an
aquilateral hyperbola to represent the relative
cost of Ilmproving a measurssent uncertainty.
Any other convex cost function can be used for
eaach mescurement uncertainty component. The
relative cost (C;) of fmproving the 1th geggure-
Bent error componant im given by

%ui ~ %
€% o e, ! - 2
i 1i

vhere O,; = -pper limit of 0; (representative of
current technology), and O;; £ lower limit
of 0; (probable limit of development).

V1. RESULTS

We used optimization techniquas to calculace
maasurement uncertainties so that performance
gosls for detecting materiale loss are achieved
vhile total development cost of the instruments
is winimizaed. Heasurement uncertsinties wera
calculated for eechh UPAA gnd for 'wviral cases
of instrument raecalibration. For each UPAA,
values for the messuremnat uncertainty cowponents
wers restricted by epecific ranges and by cha
matorials balance gtandard daviation equations
for abruprt and protracted losses. The coest of
improving esch messuremant uncertainty componant
{s determined by a hyperboli cost function.
Therefore, where calculsted messurement uncer-
tainty is lass than what i# currently achievable,
a development cost vas impceed.

Table IV liats ralative costs for developing
Lthe inatrument eysteas tha: meet sach parform-
ance goal. One -ost vnit is the relative cost
of attaining a messurement uncertainty that f{s
one~-half that of current messurenent technology
[0g = (1/2)0,4). Rach halving of messurement un-
certainty cosvs twice vhat the previous halving
did plus 1. For axample, the cost of achieving
gy = (l/4)pyq e ) and of 0 « (1/8)0,y fa 7.
UPAA 2 J with weekly recalidration of the plute-
nfum concentration seasuring fnstrusents for the

i r—

—— e —

™ME IV
BELATIVE CLST OF ACNIRVING TVR PERFOWANICE SOALS
Sosl ) Gea) ] Sl ) Goel e

TPAA 1
Bo recalibration 20 111 1947 2%48
Weekly recalibration 1 ] [2] ~ -
Daily recalibration - 1 } ] ™2 13%0
OPAA 2 3
B0 recalibration 0.8 32 727 1584
Weekly recalibration [ ] a2 - -
Dmily recalibration - 19 a9 738
UPAR 2
Bo recalibration 11 74 1404 2023
Weskly recalibration 2 » - -
Delly recalibration - 20 98 )
OPM )
o recalibwation [ J (1) 126) 1666
Weakly recalibration 2.7 » - -
Dafly recalibration - 21 s1e 78

accouncability and product sample tanks will
maet goal 1. Hence, the total development cost
of the system is zero. If periodic recalibration
of key transfer messurements is performed, the
relative cost of the system can ba reduced by 30%
or more. The relative cost of achieving goa.s 3
or & is between 20 «nd 50 times more than the
cost for achieving goal 2.

Tables V and VI list optimal measurement
uncertainties for the dominant inventorie, and
transfere in UPAA | and UPAA 2 3 that meet tha
four performance goals (Table 1) while minimizing
total systems development cost. They list the
messurement error components for the UPAA (¢,
N, and O) and their calculated valua, cur-
rent taechaology value, uncertsinty contribution
to the sbrupt and protracted goals, and relative
cost.

In-process inventory uncertainties are en-
tirely 8 function of precision (C). There are
two typeo of inventory determinations: tho. ¢
determingd by a single measuremeant or estimate
(such as for the shiar) and those calculstad
from the product of two measured valugs (such as
for the HA feed tank volume and concentraticn).

Transfer wuncerctainties are a function of
precision and oshort-term (n) and long-term
(0) correla”ed ipnstrument errors. There (re
two types of transfar determinations: those made
by a eingle measurement (such &s for the sepent
fuel) and those cslculated from the product of
two measurements (such as for the accountability
tank volume and concentration).

In the tables, inventory uncertaintiec are
given firec, followed by transfer unceztsinties.
Results are given for capes where instruments
are not recalibraced during the accounting paricd
and for periodic recalibration of key cransfer
msasurements (excluding volume messurements).
Note that emall differences in mesasurement uncer-
tainties, and hence relstive cost, are not sig-
nificant, because these diffarences could rasult
froa nusarice) inaccuraciee in the optimisation
computar prngram. The dowminant inventory uiucer-
teinty tearme for UPAA 1 result from in-prociss
{nventory estimates in thea shesr, voloxidiaer,
and continuous dissolver, snd volume ind concen~
tration messurements in tha digseters and the
feed solution surge tank. -The dominant cransfers

2T <2 2 B A
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are spent-fuel feved and accountab liry tank prod- satiefy the fou. performance goals are summa-

uct.

Of the two, spent:-fuel NDA d_ninates trans-

fer uncertainties and therafore raquires greater
dcvelopment .

As shown in Sec. IV, goal 1 cannot be
achieved in UPAA | with current wmearurement
technology. With current measurements, Oy
for 1 day is 11,6 kg of plutonium (13). Fnr a
6-montk balance p is 636 kg of plutonium
(10) for no recalibratien, an’ fer wveekly re-
calibration Ggp is 37) kg of plutonium (10).

UPAA | optimal wmesgurement uncertaingies
for dominant inventory and transfer terms that

rised in Table V.
recalibration,

errcra

in

the estimaten

of

To achjeve goal 1 with weekly

the

in-process inveutory in the voloxidizer and con-
vinuous diesclver must be decreased fron Z20. asch
te 1)X and 171, respectivaly. The spent-fuel
NDA N and O wmessuresent wuncertainties must
be reduced from )1 and 22 to 13 and 0.)5, respec-
tively, and minor reductions are necessary in a
fev other measurement uncertainty coopoients.
Goal 2 attainment requires modest lwprove-
fn inventory estimate errors and large
isprovesents in transfer messurement ervrore-



Errors in the inventory estimates of the shear,
voloxidizer, and continuous dissolver must be
reduced from 202 to 13X, 6X, and 7%, respec-
tively. We need spent-fuel transfer measurements
having a precision <1%¥ and correlated errors
of <0.23 short-term and <0.07X long-term.
For the accountability tank, we nead volume meas-~
urements having a precison <0.021, a short-
term correlated arror <0.03X, and a 1long-term

correlated error <0.03%; and we require con-
centration measuremerts having a precision
<0.3Z, a short-term correlated error <0.11,

and a long-term correlated arror <0.041.

To schieve goals 3 or 4 requires measuresent
improvements of approximately an curder of magni-
tude for the inventories and two to thres orders
of magnitude for the rey tranafers. For axample,

these goals need inventory estimates that are
<12 and cransfer correlated errors that are
<0.002%. Ciearly, thessa goals will not b

achieved without major breakthroughs in measure-
ment technology and standards preparatioun.

Table VI 1lists wmeasurement uncertainties
and the relative cost of the dominant inventory
and transfer measuresents, the four performance
goals, and the recalibration cases. For each
goal, two cases were simulated:

(1) no recalibration during the accounting
period, and
periodic recalibration of ctne account-
ability tank and pluto ium sample tank

(2)

concentration measuring instruments,
and the NDA instrument measuring the
sludge.

We simulated weekly recalibrations for goal 1,
both weekly and Jaily recalibrations for goal 2,
and daily recalibracions for goals J and 4.

The dominant inventory uncertainties rasult
from volume and concentration measurements of
the HA feed tank and the 2A feed tank contents.
For goal | with no recalibrstion, these two in-
ventories have a combined standard deviation of
7.2 kg of plutonium, vhereas the l-day Oyp
is 8 kg of plutonium, with volume measurement
making the larger contribution of the two com
ponents.

The dominant transfers are the accountabil-
ity and plutonium sample tanks whaere volume and
concentration measurements are made. Of the two
messuremsnt types, the concentration measuring
instrurents require more developmant.

Goal 1 can be achiaved by current measure-
ment tecnnology if the transfer concentration
maasuring instrumeants are recalibrated weekly.
To achieve goal 2 requires that 11 voluse and

concentvstion meassurements be wmwade in process
tanks; "0.31 precision, "0.04X calibracion,
and ").041 standards for volume messuremants

be made in primary transfer tanks; and “0.31 pre-
cision, "0.2X calibration, and 0.051 astendards
for concentration measurement® be made on sawplas
from primary tranefer tanks. To achieve goals )
snd 4 vequires that measurement uncertainties ba
decreased by wmore than an order of magnitude.
Periodic recalibration of key fnstruments
has a striking effect. For goal 1, as an erxam
ple, compare the waskly, daily, and no recali-
bration cacen for the N concentration aerror

n

- N R RSP

components of the accountability tank. Compared
to the no recalibration case, weekly aand daily
recalibrations permit increasing N by a factor
of A3 and “~6, respectively. Also note cthat
the relative cost of achieving goal 2 is de-
creased by V302 for weekly recalibration.

VI. DISCUSSION

This paper demonstrates the use of optimi-
zation techniques to calculate measurement uncer-
tainties that meet given materials accounting
systems performance goals while aminimizing the
total instrument development cost. In this way
wa can answer the following questions.

(1) Given limitad development raesources,
wvhat measurement technology improvements
provide the maximum increase in account-
ing system performance?

Which measurement uncertaincties dominate
the materials balance variance?

What values of measurement uncertainties
are required to meet & given performance
goal?

Proposed international
guards goals require
estimate errors <0.3X,

(2)
(3)
and domestic safe-

inventory measurement or
and transfer correlated

errors <0.002X. 1In comparison, today's pri-
mary standards nhave errores of “0.042. Clearly,
thase goals cannot be achieved wichout major

breakthroughs in the measurement
standards preparation.

Achieving performance at the second level
(8 kg of plutonium abrupt and 40 kg of plutonium
protracted) may ba a reasonable goa! for the
chemical separations ares of the HEF. This re-
quires improving in-process inventory meaJurement
uncertainty to ™I precision for process tank
volume and concentration measurements. It also
requires improving accountabilizy and plutonium
sample tank transfer measurement uncertainties
to "0.042 volume calibration, ~0.04% volume
standards, 0L 1% concentration <calibration,
and V0.09% concentration standards.

technology and
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